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[0003] Gas flow meters have been developed to determine how much gas is flowing through the 
pipeline. One type of meter to measure gas flow is called an ultrasonic flow meter. Ultrasonic 
flow meters are also named sonic or acoustic flow meters. 

[0004] Figure 1A shows an ultrasonic meter suitable for measuring gas flow. Spoolpiece 100, 
suitable for placement between sections of gas pipeline, has a predetermined size and thus defines 
a measurement section. A pair of transducers 120 and 130, and their respective housings 125 and 
135, are located along the length of spoolpiece 100. A path 110, sometimes referred to as a 
"chord" exists between transducers 120 and 130 at an angle 8 to a centerline 105. The position of 
transducers 120 and 130 may be defined by this angle, or may be defined by a first length L 
measured between transducers 120 and 130, a second length X corresponding to the axial distance 
between points 140 and 145, and a third length D corresponding to the pipe diameter. Distances X, 
D and L are precisely determined during meter fabrication. Points 140 and 145 define the 
locations where acoustic signals generated by transducers 120 and 130 enter and leave gas flowing 
through the spoolpiece 100 (Le. the entrance to the spoolpiece bore). In most instances, meter 
transducers^ such as 120 and 130^ are placed a specific distance from points 140 and 145, 
respectively, regardless of meter size (Le. spoolpiece size). A fluid, typically natural gas, flows in 
a direction 150 with a velocity profile 152. Velocity vectors 153-158 indicate that the gas velocity 
through spool piece 100 increases as centerline 105 of spoolpiece 100 is approached. 
[0005] Transducers 120 and 130 are ultrasonic transceivers, meaning that they both generate and 
receive ultrasonic signals. "Ultrasonic" in this context refers to frequencies above about 20 
kilohertz. Typically, these signals are generated and received by a piezoelectric element in each 
transducer. Initially, D (downstream) transducer 120 generates an ultrasonic signal that is then 
received at, and detected by, U (upstream) transducer 130. Some time later, U transducer 130 
generates a reciprocal ultrasonic signal that is subsequently received at and detected by D 
transducer 120. Thus, U and D transducers 130 and 120 play "pitch and catch" with ultrasonic 
signals 1 15 along chordal path 1 10. During operation, this sequence may occur thousands of times 
per minute. 

[0006] The transit time of the ultrasonic wave 115 between transducers U 130 and D 120 depends 

in part upon whether the ultrasonic signal 115 is traveling upstream or downstream with respect to 

the flowing gas. The transit time for an ultrasonic signal traveling downstream (Le. in the same 

direction as the flow) is less than its transit time when traveling upstream (Le. against the flow). 
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The upstream and downstream transit times can be used to calculate the average velocity along the 
signal path. In particular, the transit time ti, of an ultrasonic signal traveling against the fluid flow 
and the transit time t 2 of an ultrasonic signal travelling with the fluid flow may be defined: 


t 2 = 


c + V- 
L 


(2) 


where, 

c = speed of sound in the fluid flow; 

V = average axial velocity of the fluid flow over the chordal path in the axial direction; 

L = acoustic path length; 

x = axial component of L within the meter bore; 

ti = transmit time of the ultrasonic signal against the fluid flow; and 

t 2 = transit time of the ultrasonic signal with the fluid flow. 

The upstream and downstream transit times can be used to calculate the average velocity along the 
signal path by the equation: 

T 2 t - 1 
2x t,t 2 

with the variables being defined as above. 

[0007] The upstream and downstream travel times may also be used to calculate the speed of 
sound in the fluid flow according to the equation: 

c^illk (4) 
2 t,t 2 


3 


60267.02/1787.12300 


[0008] Given the cross-section measurements of the meter carrying the gas, the average velocity 
over the area of the gas may be used to find the quantity of gas flowing through spoolpiece 100. 
Typically, these measurements are based on a batch of 10-30 ultrasonic signals rather than upon 
only one upstream and downstream signal. Alternately, a meter may be designed to attach to a 
pipeline section by, for example, hot tapping, so that the pipeline dimensions instead of spoolpiece 
dimensions are used to determine the average velocity of the flowing gas. 

[0009] In addition, ultrasonic gas flow meters can have one or more paths. Single-path meters 
typically include a pair of transducers that projects ultrasonic waves over a single path across the 
axis (i.e. center) of spoolpiece 100. In addition to the advantages provided by single-path 
ultrasonic meters, ultrasonic meters having more than one path have other advantages. These 
advantages make multi-path ultrasonic meters desirable for custody transfer applications where 
accuracy and reliability are crucial. 

[0010] Referring now to Figure IB, a multi-path ultrasonic meter is shown. Spool piece 100 
includes four chordal paths A, B, C, and D at varying levels through the gas flow. Each chordal 
path A-D corresponds to two transceivers behaving alternately as transmitter and receiver. Also 
shown is an electronics module 160, which acquires and processes the data from the four chordal 
paths A-D. This arrangement is described in U.S. Patent 4,646,575, the teachings of which are 
hereby incorporated by reference. Hidden from view in Figure IB are the four pairs of transducers 
that correspond to chordal paths A-D. 

[0011] The precise arrangement of the four pairs of transducers may be more easily understood by 

reference to Figure 1C Four pairs of transducer ports are mounted on spool piece 100. Each of 

these pairs of transducer ports corresponds to a single chordal path of Figure IB. A first pair of 

transducer ports 125 and 135 including transducers 120 and 130 is mounted at a non-perpendicular 

angle 9 to centerline 105 of spool piece 100. Another pair of transducer ports 165 and 175 

including associated transducers is mounted so that its chordal path loosely forms an "X" with 

respect to the chordal path of transducer ports 125 and 135. Similarly, transducer ports 185 and 

195 are placed parallel to transducer ports 165 and 175 but at a different "level" (i.e. a different 

radial position in the pipe or meter spoolpiece). Not explicitly shown in Figure 1C is a fourth pair 

of transducers and transducer ports. Taking Figures IB and 1C together, the pairs of transducers 

are arranged such that the upper two pairs of transducers corresponding to chords A and B form an 

X and the lower two pairs of transducers corresponding to chords C and D also form an X. 
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[0012] Referring now to Figure IB, the flow velocity of the gas may be determined at each chord 
A-D to obtain chordal flow velocities. To obtain an average flow velocity over the entire pipe, the 
chordal flow velocities are multiplied by a set of predetermined constants. Such constants are well 
known and were determined theoretically. 

[0013] This four-path configuration has been found to be highly accurate and cost effective. 
Nonetheless, other ultrasonic meter designs are known. For example, other ultrasonic meters 
employ reflective chordal paths, also known as "bounce" paths. 

[0014] A pipeline may carry liquid in addition to the gas stream. Liquid level detectors are known 
that detect whether liquid is present at a location of interest, although typically these liquid level 
detectors are not positioned inside a pipeline. 

[0015] One known design of ultrasonic meter is disclosed in U.S. Patent No. 5,719,329 to Jepson. 
In particular, this patent discloses a multiphase flow meter that measures film heights of the fluids 
flowing though the meter by a very complicated scheme using the densities of the mediums in the 
meter, the pressure of the transmitted wave to the incident wave, and the velocity of sound in the 
medium. Unfortunately, this multiphase meter is likely too complicated for use in real world 
applications. The disclosure of the patent also includes a method to confirm the calculated film 
height by reflection of an ultrasonic signal from, and back to, a single transducer located on the 
bottom of the meter bore. Unfortunately, however, this method to determine film level is not very 
accurate (which may be why it is used only as a confirmation and not by itself). 
[0016] Therefore, a meter or device is needed that is capable of detecting liquid in a pipeline. This 
device might also measure the amount of stratified flow in a gas stream. The device would be both 
simple and accurate enough to be used in real-world applications. 

SUMMARY OF THE INVENTION 
[0017] Disclosed embodiments of the invention include a method to determine the level of 
stratified flow in a conduit such as a pipeline, including transmitting an ultrasonic signal through a 
medium from a first transducer, reflecting the ultrasonic signal from the surface of the stratified 
flow, receiving the ultrasonic signal at a second transducer, and computing the speed of sound for 
the ultrasonic signal through the medium (the speed of sound may also be based on a batch of 
measurements along this same chord). A second speed of sound is also computed based on other 
ultrasonic signals. A difference in these two computed speeds of sound indicates the presence of 
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stratified flow. Analysis of the difference in these two speeds of sound indicates the level of 
stratified flow in the pipeline. 

[0018] The present invention comprises a combination of features and advantages that enable it to 
overcome various problems of prior devices. The various characteristics described above, as well as 
other features, will be readily apparent to those skilled in the art upon reading the following detailed 
description of the preferred embodiments of the invention, and by referring to the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] For a more detailed description of the preferred embodiment of the present invention, 
reference will now be made to the accompanying drawings, wherein: 
[0020] Figure 1 A is a cut-away top view of an ultrasonic gas flow meter; 
[0021] Figure IB is an end view of a spoolpiece including chordal paths A-D; 
[0022] Figure 1C is a top view of a spoolpiece housing transducer pairs; 

[0023] Figure 2 is an end view of a multi-transducer level detector/ultrasonic flow meter 
combination; 

[0024] Figure 3 is a top view of a pipeline showing flight paths for chords A, B, and C; 

[0025] Figure 4 is a side view of path D in a pipeline with no stratified flow; 

[0026] Figure 5 is a side view of a pipeline having stratified flow contrasting the flight paths of 

path D; 

[0027] Figure 6 is a graph illustrating changes in speed of sound versus changes in stratified flow 
depth; 

[0028] Figure 7 is a graph illustrating changes in speed of sound versus changes in area for the 
stratified flow; 

[0029] Figure 8 is an end view of a two-chord ultrasonic meter; and 
[0030] Figure 9 is a top view of a horizontal chord. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0031] Figure 2 includes the end-view of a pipeline or spoolpiece 2000 for a multiple transducer 

level detector. As used herein, the term pipeline shall refer to either an actual pipeline or to a 

spoolpiece. Three chords 2010, 2020, 2030 (corresponding to a multi-path ultrasonic meter) are 
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shown and are labeled as chords A, B, and C. Path D, labeled 2040, is also shown and corresponds 
to an additional, vertical chord. Of course, path D includes an upstream transducer and a 
downstream transducer. The transducers corresponding to path D may be positioned somewhere 
other than true vertical, so long as the length of path D changes with changes in stratified fluid. 
Chord D therefore may be the fourth chord of a four-chord ultrasonic meter, or may be used 
separately, but in conjunction with an ultrasonic flow meter (or other device to measure the speed 
of sound in the gas) to establish the amount of stratified flow. Use of a four-chord ultrasonic meter 
is exemplary only and the disclosed multiple transducer level detector could be used with or be part 
of any multiple chord ultrasonic meter, including a meter having bounce paths. Nonetheless, use 
of a three horizontal chord design in conjunction with the disclosed level detector (or integrating 
the design into a four-chord meter) has certain advantages over the use of a traditional four 
horizontal-chord design. For example, the lowest chord on the 4 chordal path meter is easily 
flooded in stratified flow. An ultrasonic meter having three horizontal chords does not have this 
lowest chord, and thus avoids this problem. As already stated, the ultrasonic transducers 
corresponding to path D can be either separate from, or as a part of, such an ultrasonic meter. For 
these purposes, a level detector and an ultrasonic meter are thought of as two different devices that 
operate together to achieve a synergistic effect, but in actuality these two devices may equally be 
part of the same device and share components such as electronics, etc. 

[0032] Figure 3 shows the pipeline 2000 from a top perspective and identifies a direction of flow, 
as well as chords A, B, and C. Figure 4 includes a side view of pipeline 2000 when the pipeline 
does not contain a stratified 2-phase flow. Path D originates at point 2210 corresponding to an 
ultrasonic transducer 2215, reflects off of the bottom 2230 of pipeline 2000 and travels to point 
2220 corresponding to ultrasonic transducer 2225. The transducers 2215 and 2225 are preferably 
angled at about 60 degrees, although this is not a requirement of the invention. During operation 
transducers 2215 and 2225 preferably each generate ultrasonic signals that travel along path D and 
are detected by the other transducer, resulting in both an upstream and a downstream measurement. 
The measurement of both the upstream and downstream times of flight yields a speed of sound 
measurement for chord D. 

[0033] Figure 5 shows a side view of a pipeline 2000 containing a stratified flow 2310 of depth 
M h". In a pipeline, the area of the pipeline occupied by stratified flow will typically not exceed 
10%. Pipeline 2000 includes ultrasonic transducers 2215 and 2225 that generate ultrasonic signals 
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that travel along a first path D 2041. First D path 2041 corresponds to a pipeline without stratified 
floras shown in Figure 6. Second path D 2042, corresponding to a pipeline with a stratified flow, 
also is shown. Second path D 2042 corresponds to an ultrasonic signal that reflects off the surface 
2320 of stratified flow 2310. In addition, it can be seen that second path D 2042 is slightly shorter 
than first path D 2041. In particular, the second path D 2042 will be slightly shorter than the first 
path D 2041 depending upon the level of the stratified flow. 

[0034] This variation in path length is used by the invention to establish the presence of stratified 
flow. A more complicated analysis allows the calculation of the level of the stratified flow. Either 
way, because these level variations are often slight, it is preferable to utilize a measurement very 
sensitive to these changes in path length. Once the measurements indicate that stratified flow is 
present, the level, area, flow amount, etc., of the stratified flow can be found. 

h* [0035] It has been found that the level of the stratified flow should result in a significant effect on 

O 

fj a speed of sound measurement along chord D. Unlike the typical level detector of the prior art, in 
a gas pipeline the pressure, temperature, and gas composition are variable. This complicates the 
determination of whether there exists liquid in the bottom of the conduit being measured. This 
variation in pressure, temperature^ and gas composition also makes the speed of sound generally 
unknown. Thus, if speed of sound is the parameter used to determine the presence of level of 
liquid in a pipeline, as it is in the preferred embodiment of the present invention, the speed of 
sound through the flowing gas should be normally be measured independently and near 
simultaneously with the detection of level in the pipeline. Such contemporaneous measurement of 
the speed of sound should be made close enough in time to the first that there can be a high level of 
assurance that variables^such as temperature, pressure, and compositionjfrave not changed enough 
to signficantly affect the measurement of stratified flow. Where the speed of sound is being 
measured by an ultrasonic meter, this measurement is made in addition to measuring the velocity 
of the gas flow along the chords of the ultrasonic meter (such as an ultrasonic meter having chords 
2010, 2020, 2030). As an additional advantage to the invention, speed of sound is a measurement 
that is already made by ultrasonic meters, and thus for the preferred embodiment, minimal changes 
are required to existing meters. 

[0036] When there is no liquid in the bottom of the pipeline, the speed of sound measured along 
path D will be the same as the speed of sound measured from the other chords in the ultrasonic 
meter. With liquid in the bottom of the pipe, however, the reflection is from the liquid surface (not 
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the bottom of the pipe) and path D is shorter. This makes the transit time shorter and the calculated 
speed of sound (using the wrong path length) is higher. The difference between the speed of sound 
measured by chords A, B, and C and the speed of sound measured by chord D can be used to 
establish the level of stratified flow in pipeline 2000. 

[0037] Referring to Figure 6, calculations show the effect of h/D (with h = depth of stratified flow 
and D = pipe diameter) on the change in speed of sound (Delta VOS) and the area occupied by the 
liquid as a percent of the total pipe area. The sensitivity of speed of sound to changes in the area 
occupied by the stratified flow can be seen in Figure 7. As can be seen, a 5% change in area is 
accompanied by an 8% change in the speed of sound, giving a very sensitive measurement. 
[0038] As will now be apparent to one of ordinary skill in the art, there is no requirement that a 
four-chord ultrasonic meter be used with these principles to determine the level of stratified flow in 
the pipeline. A two-chord level detector as shown in Figure 8 could also be employed. 
[0039] Figure 8 illustrates an end view of a spoolpiece with chord A and chord B. Ideally, these 
two chords are vertical and horizontal. Therefore, chord A will loosely be referred to as a vertical 
chord, while chord B will loosely be referred to as a horizontal chord. Chord B includes two 
transducers, an upstream transducer and a downstream transducer. Chord A includes two 
transducers, similar to that shown in Figures 4 and 5. As explained above, a difference in upstream 
and downstream travel times for each of these chords provides (among other things) a velocity of 
sound (VOS) measurement for any fluid the chord is travelling through. 

[0040] With no appreciable liquid on the bottom of the pipeline, the velocity of sound measured 
on the horizontal and vertical chords is the same. With liquid in the bottom of the pipe, the 
ultrasonic pulse is reflected from the liquid surface and not the pipe wall. This creates a shorter 
path length and a shorted transit time is measured. Because any computer or processor associated 
with the meter bases its VOS calculations on an assumed path length, this results in a higher 
measured velocity of sound. The difference in VOS between the vertical and horizontal chord, is 
related by geometry to the liquid level and area occupied by the liquid, as shown in Figures 6 and 
7. 

[0041] The speed of the stratified flow can be calculated according to the square root of the ratio of 
the densities of the flows (i.e. gaseous and stratified) times the speed of the gas. This relationship 
can be derived because in equilibrium the shear stress of the liquid on the bottom of the pipe is the 
same as the shear stress of the gas on the liquid. In other words, equilibrium is achieved when the 
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friction at the surface of the stratified flow is the same as the friction at the bottom of the pipe. 
Consequently, 

PlV l 2 =P g [V g -VJ 2 (9) 
Where, 

Pl = density of the liquid 
Pg = density of the gas 
Vl = velocity of liquid 
V G = velocity of gas 
This means that, 



[0042] Upon understanding of the teachings above, a processor or computer may be programmed 
to detect the presence of liquid in the pipeline by a statistically significant discrepancy between the 
measured speeds of sound. The processor or computer may be programmed to estimate accurately 
the level of liquid in the pipeline. The processor or computer may also be programmed to 
determine not only the level of liquid in the pipeline, but also the speed of the flow. Such 
processors may be part of an ultrasonic meter or may be separate. For example^this processor may 
be the same microprocessor that operates on measured data from an ultrasonic meter. 
[0043] While preferred embodiments of this invention have been shown and described, 
modifications thereof can be made by one skilled in the art without departing from the spirit or 
teaching of this invention. The embodiments described herein are exemplary only and are not 
limiting. Many variations and modifications of the system and apparatus are possible and are within 
the scope of the invention. Accordingly, the scope of protection is not limited to the embodiments 
described herein, but is only limited by the claims that follow, the scope of which shall include all 
equivalents of the subject matter of the claims. 
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